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Abstract:

A staged approach towards muon based facilities for Intensity and Energy Frontier science, building
upon existing and proposed facilities at Fermilab, is presented. At each stage, a facility exploring new
physics also provides an R&D platform to validate the technology needed for subsequent stages. The
envisioned program begins with nuSTORM, a sensitive sterile neutrino search which also provides
precision neutrino cross-section measurements while developing the technology of using and
cooling muons. A staged Neutrino Factory based upon Project X, sending beams towards the Sanford
Underground Research Facility (SURF), which will house the LBNE detector, could follow for
detailed exploration of neutrino properties at the Intensity Frontier, while also establishing the
technology of using intense bunched muon beams. The complex could then evolve towards Muon
Colliders, starting at 126 GeV with measurements of the Higgs resonance to sub-MeV precision, and
continuing to multi-TeV colliders for the exploration of physics beyond the Standard Model at the
Energy Frontier. An Appendix addresses specific questions raised by the Lepton Colliders subgroup of
the CSS2013 Frontier Capabilities Study Group.
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Executive Summary

Muon accelerators offer unique potential for the U.S. High Energy Physics community. In 2008, and
subsequently in 2010, the U.S. Particle Physics Project Prioritization Panel (P5)" recommended that a
world-class program of Intensity Frontier science be pursued at Fermilab as the Energy Frontier
program based on the Tevatron reached its conclusion. Accordingly, Fermilab has embarked on the
development of a next generation neutrino detector with LBNE and a next generation proton source
with Project X. However, we must also consider what steps beyond those facilities would enable the
continuation of a preeminent U.S. HEP research program. Building on the foundation of Project X,
muon accelerators can provide that next step with a high intensity and precise source of neutrinos to
support a world-leading research program in neutrino physics.

Moreover, the infrastructure developed to support such an Intensity Frontier research program can
enable the return of the U.S. high energy physics program to the Energy Frontier: a subsequent stage
of the facility could support one or more Muon Colliders, which could operate at center-of-mass
energies from the Higgs resonance at 126 GeV up to the multi-TeV scale. Thus muon accelerators
offer the unique potential, among the accelerator concepts being discussed for the Community
Summer Study process, to provide world-leading experimental support spanning physics at both the
Intensity and Energy Frontiers.

Before addressing the technical challenges of such facilities we summarize the cutting-edge physics
they can do. For the proposed staging plan, baseline parameter specifications have been developed for
a series of facilities, each capable of providing cutting-edge physics output, and at each of which the
performance of systems required for the next stage can be reliably evaluated. The plan thus provides
clear decision points before embarking upon each subsequent stage. The staging plan builds on the
foundation of existing and proposed facilities, specifically:

*  Project X at Fermilab as the megawatt-class proton driver for muon generation’;

e Sanford Underground Research Facility (SURF), as developed for the LBNE detector.
Neutrino Factory beams could initially be directed to an existing LBNE and ultimately to an
upgraded detector that is optimized to take full advantage of those beams.

The performance characteristics of each stage provide unique physics reach:

* nuSTORM* (Neutrinos from STORed Muons): a short baseline Neutrino Factory (NF)
enabling a definitive search for sterile neutrinos, as well as neutrino cross-section
measurements that will ultimately be required for precision measurements at any long baseline
experiment.

*  NuMAX (Neutrinos from Muon Accelerators at Project X): an initial long baseline Neutrino
Factory, optimized for a detector at SURF—a precise and well-characterized neutrino source
that exceeds the capabilities of conventional superbeam technology.

*  NuMAX+: a full intensity Neutrino Factory, upgraded from NuMAX, as the ultimate source
to enable precision CP violation measurements in the neutrino sector.

* Higgs Factory: a collider whose baseline configurations are capable of providing between
3,500 and 13,500 Higgs events per year with exquisite energy resolution.

*  Multi-TeV Collider: if warranted by LHC results, a multi-TeV Muon Collider (MC) likely
offers the best performance and least cost for any lepton collider operating in the multi-TeV
regime.
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Nominal parameters for the three Neutrino Factories—the (short baseline) nuSTORM and two stages
of (long baseline) NuMAX—are provided in Table 1. Collider parameters for a Higgs Factory as well
as 1.5 and 3.0 TeV colliders are provided in Table 2. All of these machines would fit readily within
the footprint of the Fermilab site. The ability to deploy these facilities in a staged fashion offers major

benefits:

1. The strong synergies among the critical elements of the accelerator complex maximize the size

of the experimental community that can be supported by the overall facility;

2. The staging plan reduces the investment required at each step to levels that will hopefully fit
within the future budget profile of the U.S. high energy physics program.

Table 1: Muon Accelerator Program baseline Neutrino Factory parameters for nuSTORM and two NuMAX
phases located on the Fermilab site and pointed towards a detector at SURF. For comparison, the parameters of

the IDS-NF are also shown.

System Parameters Unit nuSTORM NuMAX NuMAX+ IDS-NF
Stored p+ or p-/year 8x10" 2x10% 1.2x10% 1x10%
Vv, or v, to detectors/yr 3x10" 8x10"° 5x10% 5x10%°
Far Detector: Type SuperBIND ,\72 g“I?A/r l\/'\l/zlal g’;\lEAlr MIND
o Distance from Ring km 1.9 1300 1300 2000
] Mass KT 1.3 30/10 100/ 30 100
8 Magnetic Field T 2 0.5-2 0.5-2 1-2
a Near Detector: Type SuperBIND Suite Suite Suite
Distance from Ring m 50 100 100 100
Mass KT 0.1 1 2.7 2.7
Magnetic Field T Yes Yes Yes Yes
o Ring Momentum (P,)] GeV/c 3.8 5 5 10
'E 2 Circumference (C) m 480 600 600 1190
3 Straight section m 185 235 235 470
Zz Arc Length m 50 65 65 125
- Initial Momentum| GeV/c - 0.22 0.22 0.22
° . . GeV/pass - 0.95 0.95 0.56
= Single-pass Linac MHZ - 305 305 201
o RLA ||.GeV/pass - 0.85 0.85 0.45
8 MHz - 325 325 201
o 4.5-pass RLA
< RLA 11 -G€&V/pass - - - 1.6
MHz - - - 201
Cooling No No 4D 4D
c o Proton Beam Power| MW 0.2 1 3 4
og Proton Beam Energy| GeV 120 3 3 10
3 3 Protonslyear| {x10* 0.1 41 125 25
Sl Repetition Frequency| Hz 0.75 70 70 50
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nuSTORM’s capabilities could be deployed now. The NuMAX options and initial Higgs Factory
could be based on the 3 GeV proton source of Project X Stage II operating with 1 MW and,
eventually, 3 MW proton beams. This opens the possibility of launching the initial NuMAX, which
requires no cooling of the muon beams, within the next decade. Similarly, the R&D required for a
decision on a collider could be completed by the middle of the next decade. A Muon Collider in the
multi-TeV range would offer exceptional performance due to the absence of synchrotron radiation
effects, no beamstrahlung issues at the interaction point, and anticipated wall power requirements at
the 200 MW scale, well below the widely accepted 300 MW maximum affordable power for a future
HEP facility. This timeline, showing the targeted dates where critical decisions should be possible, is
summarized in Figure 1.

Table 2: Muon Accelerator Program baseline Muon Collider parameters for both Higgs Factory and multi-TeV
Energy Frontier colliders. An important feature of the staging plan is that collider activity could begin with
Project X Stage II beam capabilities at Fermilab.

Muon Collider Baseline Parameters

Higgs Factory Multi-TeV Baselines

Startup | Production

Parameter Units Operation | Operation
CoM Energy TeV 0.126 0.126 1.5 3.0
Avg. Luminosity 10**cm™s™ 0.0017 0.008 1.25 4.4
Beam Energy Spread % 0.003 0.004 0.1 0.1
Higgs/10'sec 3,500 13,500 37,500( 200,000
Circumference km 0.3 0.3 2.5 4.5
No. of IPs 1 1 2 2
Repetition Rate Hz 30 15 15 12
B* cm 33 1.7|1(0.5-2) |0.5(0.3-3)
No. muons/bunch 10* 2 4 2 2
No. bunches/beam 1 1 1 1
Norm. Trans. Emittance, €y | @ mm-rad 0.4 0.2 0.025 0.025
Norm. Long. Emittance, ¢y | ® mm-rad 1 1.5 70 70
Bunch Length, o, cm 5.6 6.3 1 0.5
Beam Size @ IP um 150 75 6 3
Beam-beam Parameter / IP 0.005 0.02 0.09 0.09
Proton Driver Power MW 4* 4 4 4

# Could begin operation with Project X Stage 2 beam
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The U.S. Muon Accelerator Program (MAP) has the task of assessing the feasibility of muon
accelerators for Neutrino Factory and Muon Collider applications. Critical path R&D items important
to the performance of one or more of these facilities include:

* Development of a high power target station which is ultimately capable of handling >4 MW of
power. Liquid-metal jet technology has been shown to be capable of handling the necessary
beam power’. While the complete engineering design of a multi-MW target station, including
a high field capture solenoid (nominally 20 T hybrid normal and superconducting magnet with
~3 GJ stored energy) is challenging, target stations with similar specifications are required for
other planned facilities (e.g., spallation sources), and our expectation is that the engineering
challenges can be successfully addressed over the course of the next decade. In the meantime,
a muon accelerator complex can begin producing world-class physics with the proton beam
powers that will become available with Project X Stage II.

*  Muon cooling is required in order to achieve the beam parameters for a high performance NF
and for all MC designs under consideration. An ionization cooling channel requires the
operation of RF cavities in tesla-scale magnetic fields. Promising recent results from the
MuCool Test Area (MTA) at Fermilab point towards solutions to the breakdown problems of
RF cavities operating in this environment®. These advances, along with technology concepts
developed over the past decade, are expected to allow MAP to establish a baseline 6D cooling
design on the 2-year timescale’. In addition, the Muon Ionization Cooling Experiment is
expected to begin producing relevant results in the same time frame®.

* High intensity, low energy beams (~200 MeV/c, optimal for muon ionization cooling) are
susceptible to a range of potential collective effects. Evaluating the likely impact of these
effects on the muon beams required for NF and MC applications, through simulation and
experiment, is an important deliverable of the MAP feasibility assessment.

* For the MC, muon decays in the ring impact both the magnet and shielding design for the
collider itself as well as backgrounds in the detector. Detector backgrounds have been shown
to be manageable via pixelated detectors with good time resolution’. Thus, this issue appears
to present no impediment to moving forward with full detector studies and machine—detector
interface design efforts.

A thorough evaluation of these issues is crucial for an informed community decision on muon
accelerator facilities. Furthermore, the proposed staging plan enables the performance, at each stage,
of confirming R&D for the next stage in the plan, thus enabling a well-informed decision process
moving forward.

To summarize, muon accelerators can enable a broad and world-leading high energy physics program
which can be based on the infrastructure of the single remaining U.S high energy physics laboratory,
Fermilab. While any decision to move forward with muon accelerator based technologies rests on the
evolving physics requirements of the field, as well as the successful conclusion of the MAP feasibility
assessment later this decade, the ability of muon accelerators to address crucial questions on both the
Intensity and Energy Frontiers, as well as to provide a broad foundation for a vibrant U.S. HEP
program, argues for a robust development program to continue. This will enable a set of informed
decisions by the U.S. community starting near the end of this decade.
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Figure 1: Muon accelerator timeline including the MAP Feasibility Assessment period. It is anticipated that
decision points for moving forward with a Neutrino Factory project supporting Intensity Frontier physics efforts
could be reached by the end of this decade, and a decision point for moving forward with a Muon Collider
physics effort supporting a return to the Energy Frontier with a U.S. facility could be reached by the middle of
the next decade. These efforts are able to build on Project X Phase II capabilities as soon as they are available.
It should also be noted that the development of a short baseline neutrino facility, i.e., nuSTORM, would
significantly enhance MAP research capabilities by supporting a program of advanced systems R&D.

' «U.S. Particle Physics: Scientific Opportunities, A Plan for the Next Ten Years,” Report of the Particle Physics
Project Prioritization Panel, May 29, 2008,
http://science.energy.gov/~/media/hep/pdf/files/pdfs/pS_report 06022008.pdf.

* “Recommendations on the Extended Tevatron Run,” Report of the Particle Physics Project Prioritization Panel,

October 26, 2010, http://science.energy.gov/~/media/hep/pdf/files/pdfs/p5Sreport2010final.pdf.

“Project X Reference Design Report,” The Project X Collaboration, v1.01, June 4, 2013,

http://arxiv.org/abs/1306.5022

* nuSTORM: Neutrinos from STORed Muons, P. Kyberd et al., http://arxiv.org/abs/1206.0294.

> K. McDonald et al., WEPE078, Proc. IPAC 2010, Kyoto, Japan, p. 3527.

® K. Yonehara et al., TUPFI053 (and references therein), Proc. IPAC 2013, Shanghai, China, p. 1463.

D. Bowring et al., THPPCO033, Proc. IPAC 2012, New Orleans, LA, USA, p. 3356.
Z. Li et al., THPPCO040, Proc. IPAC 2012, New Orleans, LA, USA, p. 3371.

" ML.A. Palmer, “An Overview of the US Muon Accelerator Program,” MOAM2HAO02, to appear in the
Proceedings of COOL’13, Miirren, Switzerland, June 2013.

R.B. Palmer et al., “6D Cooling in Periodic Lattices Including a Planar Snake,” MOAM2HAO03, to appear in
the Proceedings of COOL’13, Miirren, Switzerland, June 2013.

R.P. Johnson et al., “Muon Beam Helical Cooling Channel Design,” MOAM2HAO04, to appear in the
Proceedings of COOL’13, Miirren, Switzerland, June 2013.
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¥ D.M. Kaplan, “Muon Cooling, Muon Colliders, and the MICE Experiment,” MOAM2HAO1, to appear in the
Proceedings of COOL’13, Miirren, Switzerland, June 2013.

? A. Mazzacane, Muon Collider Detector Studies, presented at the HFMC Workshop, UCLA, March 21-23,
2013, https://hepconf.physics.ucla.edu/higgs2013/talks/mazzacane.pdf.
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1. Landscape of High Energy Physics:

Muon accelerators offer unique potential for the U.S. High Energy Physics community to support
a broad and world-leading high energy physics program by enabling a series of staged facilities at
both the Intensity and Energy Frontiers.

1.1 Intensity Frontier

Neutrino oscillations are irrefutable evidence for physics beyond the Standard Model (SM) of
particle physics. The observed properties of the neutrino—the large flavor mixing and the tiny
mass—could be consequences of phenomena which occur at energies never seen since the Big
Bang. They also could be triggered at energy scales as low as a few keV. Determining the
energy scale of the physics responsible for neutrino mass is one of the primary tasks at the
Intensity Frontier, which will ultimately require high precision measurements. High precision is
necessary since the telltale effects from either a low or high energy scale responsible for neutrino
masses and mixing will be very small, either because couplings are very small, as in low-energy
models, or the energy scales are very high and thus their effects are strongly suppressed.
Neutrino facilities to pursue the study of oscillation phenomena are therefore essential and
complementary to high-energy colliders. They are competitive candidates for the next world-
class facilities for particle physics.

Within the last 18 months, 0,3 has been measured conclusively by reactor antineutrino
experiments such as Daya Bay and the angle found to be large, very close to previously
established limits. Despite this very large value of 0,3, existing beam experiments such as T2K
and NOvA will have limited sensitivity to matter—antimatter symmetry (CP) violation and the
ordering of neutrino masses (the “mass hierarchy”). With 05 so large, many alternative mass
hierarchy measurement methods have become, at least in principle, feasible. These include the
use of

* Atmospheric neutrinos in low-energy upgrades of IceCube;

* Atmospheric neutrinos in ICAL, a 50 kt MINOS-like detector in India;

* Reactor antineutrinos at a distance of about 60 km, the so-called Daya Bay II proposal.
In addition, prospects for uncovering the mass hierarchy by a combination of data from existing
experiments, including NOvVA in particular, have dramatically increased with the measured value
of 015. As a result, consensus that the mass hierarchy will be determined within the next decade
without new beam-based experiments is emerging. At that point, the remaining questions in
neutrino oscillation physics will be those of matter-antimatter asymmetries, and whether our
current framework of three active neutrinos is complete.

The question whether there are only three neutrinos is underscored by an accumulation of
anomalies in short-baseline oscillation experiments: the LSND results, the MiniBooNE event
excess, the Reactor Antineutrino Anomaly and the Gallium Anomaly. Each of these seems to
point to oscillations with a mass-squared difference of the order of 1 eV2. At the same time, this
interpretation is in significant tension with the absence of disappearance effects at the appropriate
L/E scale. Such a large mass-squared difference implies the existence of a fourth neutrino,
which, due to the LEP results on the invisible Z-decay width, must not couple to the Z boson and
hence is not subject to any Standard Model gauge interaction—thus, it is aptly named sterile. A
sterile neutrino is the most radical form of physics beyond the Standard Model since it is not part
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of the framework of gauge symmetries; without gauge symmetries we have no model building
tools to constrain the properties of a particle. At the same time it is naive to assume that a sterile
neutrino has no other properties beyond its mixing with Standard Model neutrinos. It therefore
will be a gateway to a hitherto completely unknown sector of physics.

Both these questions, leptonic CP violation and the completeness of the three-flavor picture, can
only by addressed by very high precision measurements of neutrino and antineutrino oscillation
probabilities, specifically including channels where the initial and final flavor of neutrino are
different. Several neutrino sources have been conceived to reach high sensitivity and to allow the
range of measurements necessary to remove all ambiguities in the determination of oscillation
parameters. The sensitivity of these facilities is well beyond that of the presently approved
neutrino oscillation program. Studies so far have shown that, even for the measured large value
of 0,3, the Neutrino Factory, an intense high-energy neutrino source based on a stored muon
beam, gives the best performance for CP measurements over the entire parameter space. Its time-
scale and cost, however, remain important questions. Second-generation superbeam experiments
using megawatt proton drivers may be an attractive option in certain scenarios, but eventually the
issue of systematics control may limit this technology. It should be noted that once detailed plans
are considered, the fiscal and time scales of true superbeams are very large as well.

1.2 Energy Frontier

The Standard Model has been a spectacular success. For more than thirty years all new
observations have fit naturally into this framework. The recent discovery of a 126 GeV Higgs-
like boson at the LHC also appears to be consistent with SM expectations. Furthermore, no
evidence of physics beyond the SM (strong dynamics, supersymmetry or extra dimensions) has
yet been observed at the ATLAS or CMS experiments. Still, basic questions remain:

* Does this newly discovered boson provide the complete mechanism of electroweak

symmetry breaking?
* How do the fermion masses and flavor mixings arise?

Furthermore, the Standard Model is incomplete. It does not explain dark matter; neutrino
masses and mixings require new particles or interactions; and the observed baryon asymmetry in
the universe requires additional sources of CP violation. From a theoretical viewpoint there are
also problems with the SM. It has been argued by G. ’t Hooft' that the SM is not natural at any
energy scale p much above the Terascale (1 TeV) because the small dimensionless parameter
= (my/p)’ is not associated with any symmetry in the limit x = 0. This is the naturalness problem
of the SM. If the SM is valid all the way up to the Planck scale Ap ~ 10"’ GeV, then the SM has
to be fine-tuned to a precision of one part in (mu/Ap) 2! In this decade, the physics of the
Terascale will be explored at the LHC. Planned experiments studying neutrino oscillations,
quark/lepton flavor physics, and rare processes may also provide insight into new physics at the
Terascale and beyond.

Discoveries made at the LHC will elucidate the origin of electroweak symmetry breaking. Is
that mechanism the SM Higgs scalars or does it involve new physics? New physics might
include new gauge bosons, additional fermion generations or fundamental scalars. It might be
SUSY or new dynamics or even extra dimensions.

" G. ’t Hooft, C. Itzykson, A. Jaffe, H. Lehmann, P. K. Mitter, LM. Singer, and R. Stora (eds.), Recent
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Significant theoretical questions will likely remain even after the full exploitation of the
LHC—most notably, the origin of fermion (quark and lepton) masses, mixings and CP violation;
the character of dark matter; and detailed questions about spectrum, dynamics, and symmetries
of any observed new physics. Thus, it is hard to imagine a scenario in which a multi-TeV lepton
collider would not be required in order to fully explore the new physics.

To prepare for the energy frontier in the post-LHC era, research and development are being
pursued on a variety of lepton colliders. For the Muon Collider as well as other options a staged
approach is envisioned. The first stage is a low energy Higgs Factory at 250-350 GeV for an
electron-positron collider [circular (TLEP) or linear (ILC)] or at the s-channel Higgs resonance
(~126 GeV) for the Muon Collider. The facility would be planned to be upgradable to a second
design capable of higher energies (E.,, < 1 TeV for ILC or 3 TeV for CLIC) or a multi-TeV
Muon Collider. Given the lack of evidence of new physics to date at the LHC, it is prudent to
consider the potential energy reach of the various options as an important factor in this choice of
future lepton collider. It is possible that scales approaching 10 TeV will be required to fully
explore any new physics. In this case, only a Muon Collider could be considered.

A multi-TeV Muon Collider thus provides a very attractive possibility for studying the details of
Terascale physics after the LHC. Physics and detector studies are under way to understand the
required Muon Collider parameters (in particular luminosity and energy) and to map out, as a
function of these parameters, the associated physics potential. The physics studies will set
benchmarks for various new physics scenarios (e.g., SUSY, Extra Dimensions, New Strong
Dynamics) as well as Standard Model processes.

1.3 The Beauty and Challenges of Muon-based Facilities

Muon-based facilities offer the unique potential, among the accelerator concepts being discussed
in the Community Summer Study process, to provide the next generation of capabilities and
world-leading experimental support spanning physics at both the Intensity and Energy Frontiers.
Building on the foundation of Project X at FNAL, muon accelerators can provide that next step
with a high-intensity and precise source of neutrinos to support a world-leading research program
in neutrino physics. Furthermore, the infrastructure developed to support such an Intensity
Frontier research program can also enable the return of the U.S. high energy physics program to
the Energy Frontier. This capability would be provided in a subsequent stage of the facility that
would support one or more Muon Colliders, which could operate at center-of-mass energies from
the Higgs resonance at 126 GeV up to the multi-TeV scale, if and when required for studies
beyond the Standard Model.

Pending the needed technology feasibility demonstrations, Muon Colliders would constitute the
ideal facilities to explore the multi-TeV colliding beam energy range since
*  They profit from multi-turn collisions and multiple interaction points as circular colliders
but without energy limitation by emission of synchrotron radiation;
* They do not suffer from beamstrahlung as do linear colliders.
Consequently, they present great potential for
e Large luminosity integrated over several detectors for support of a broad physics
community;
* An attractive energy spectrum with small momentum spread at the collision point due to
the absence of beamstrahlung;
* Limited power consumption due to multi-turn collisions;
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* Affordable cost due to the limited physical size of the facilities.
An ensemble of facilities possibly built in stages is made possible by the strong synergies
between Neutrino Factories and Muon Colliders, both of which require a high power proton
source and target for muon generation followed by similar front-end and ionization cooling
channels. It is especially attractive at FNAL taking advantage of the proton driver potential of
Project X and the ability to deploy an optimized detector at SURF.

As developed in the following sections, these muon facilities rely on a number of systems with
conventional technologies whose required operating parameters exceed the present state of the art
as well as novel technologies unique to muon colliders. An R&D program to evaluate the
feasibility of these technologies is being actively pursued within the framework of the U.S. Muon
Accelerator Program (MAP). The critical challenges include:
* A high-power proton linac and target station (up to 4 MW) although full power capability
is not required for initial Neutrino or Higgs Factory operation;
* A 15-20T capture solenoid;
* RF accelerating gradient in low frequency (325-975 MHz) structures immersed in high
magnetic field as required for the front end and ionization cooling sections;
* Jonization cooling by 6 orders of magnitude (2 in each transverse plane and 2 in
longitudinal plane);
* Very high field (> 30 T) solenoids utilizing high temperature superconducting (HTS)
coils (only required for the multi-TeV collider final cooling section);
* Recirculating linacs (RLA) and rapid cycling synchrotron (RCS) or fixed-field
alternating-gradient (FFAG) rings for fast beam acceleration;
* A collider ring design and machine—detector interface (MDI) including absorbers for the
decay products of the muon beams;
e Detector operation in a unique background environment caused by the muon decays
around the ring.

2 A Staged Muon-Based Facility Program

2.1 Rationale for a Staged Approach

The feasibility of the technologies required for Neutrino Factories and/or Muon Colliders must be
validated before a facility based upon these could be proposed. Such validation is usually made
in dedicated test facilities, which are specially designed to address the major issues. Although
very convenient, these test facilities are rather expensive to build and to operate over several
years. They are therefore difficult to justify and fund, given especially that they are usually
useful only for technology development rather than for physics.

An alternative approach is proposed here. It consists of a series of facilities built in stages, where
each stage offers
* Unique physics capabilities such that the corresponding facility obtains support and can
be funded.
* In parallel with the physics program, integration of an R&D platform using each stage as
a source of particles to develop, test with beam and validate a new technology that will be
necessary for the following stages.
* The system based on the novel technology, once proved to work, and even if not
necessary for the present stage, could be used to improve its performance.

12 of 56



U.S. Muon Accelerator Program

* Operation of the novel technology in a realistic environment—extremely useful not only
to validate the novel technology itself, but also to acquire operational experience before
using it in the following stage.

* Construction of each stage as an add-on to the previous stages, extensively reusing the
equipment and systems already installed, such that the additional budget of each stage
remains affordable.

The staging plan we discuss builds on, and takes advantage of, existing or proposed facilities at
FNAL, thus maximizing the synergies between the existing FNAL program and the foreseen
MAP program, specifically:
* Existing tunnels and other conventional facilities;
* Project X at Fermilab as the MW-class proton driver for muon generation;
* SURF as developed for the LBNE detector, which could then house the detector for a
long-baseline Neutrino Factory (which could initially be the LBNE detector itself).

The plan consists of a series of facilities with increasing complexity, each with performance
characteristics providing unique physics reach:

* nuSTORM: a short-baseline Neutrino Factory-like ring enabling a definitive search for
sterile neutrinos, as well as neutrino cross-section measurements that will ultimately be
required for precision measurements at any long-baseline experiment.

* NuMAX: an initial long-baseline Neutrino Factory, op